To take advantage of the synergistic effects of Pt and Zr, a kind of Zr-doped, Pt-modified aluminide coating has been prepared by a hybrid process, first electroplating a Pt layer and then co-depositing Zr and Al elements by an above-the-pack process. The microstructure and isothermal oxidation behavior of the coating has been studied, using a Pt-modified aluminide coating as a reference. Results showed that the Zr-doped, Pt-modified aluminide coating was primarily composed of β-(Ni,Pt)Al phase, with small amounts of PtAl 2 -and Zr-rich phases dispersed in it. The addition of Zr diminished voids on the coating surface since Zr could hinder the growth of β-NiAl grains. It also helped to increase the spalling resistance of the oxide scale and reduce the oxidation rate, which made the Zr-doped, Pt-modified aluminide coating possess better oxidation resistance than the reference Pt-modified aluminide coating at the temperature of 1100 • C.
Introduction
Aluminide coatings have been used in turbine engines to improve the oxidation resistance and corrosion resistance since they was first developed by General Electric Research Laboratory in 1911. They can be divided into the simple aluminide coating and modified aluminide coatings. The simple aluminide coating is composed of a singular NiAl phase, which can form a continuous and dense layer of Al 2 O 3 scale on a surface at high temperatures to protect the components from oxidation and corrosion. The simple aluminide coating possesses good oxidation resistance, but it is susceptible to brittle cracking and sensitive to corrosive elements like sulfur. Thus, various kinds of modified aluminide coatings have been researched to enhance the oxidation resistance and corrosion resistance of the simple aluminide coatings. Beneficial elements like Pt, Cr, Si, and Co, as well as reactive elements are usually added into the simple aluminide coating separately or in combination to form modified aluminide coatings, and results show that these modified aluminide coatings possess better comprehensive properties than the simple aluminide coating [1] [2] [3] [4] .
Pt-modified aluminide coating has been widely used in turbine engines directly or as a bonding layer for thermal barrier coatings because it possesses much better oxidation resistance and corrosion resistance than the simple aluminide coating [5] . However, there are still voids formed at the metal/oxide interface at high temperature, which accelerate the degradation of the coating [6] . It is
Materials and Methods
A single crystalline Ni-based superalloy (7.5 wt % Co, 7.0 wt % Cr, 1.5 wt % Mo, 5.0 wt % W, 6.2 wt % Al, 6.5 wt % Ta, 3.0 wt % Re, 0.15 wt % Hf, balanced Ni) was used as the substrate. Specimens with a radius of 15 mm were ground down using 800 # SiC paper, and then sandblasted by alumina balls to increase the surface roughness. After being ultrasonically cleaned within acetone, ethanol, and deionized water, a Pt layer of about 2-4 µm was electroplated on the substrate using a Q5 plating bath (Chemical Process Development, Royston, UK) provided by Skinner [17] . It was operated under the following conditions pH 10.5, current density 5 mA/cm 2 , and temperature 92 • C. Then, the specimens were vacuum-annealed at 1080 • C for 2 h to dilute the Pt concentration on the surface. Ultimately, the specimens were hung over a powder mixture composed of FeAl, zirconium tetrachloride, inert filler Al 2 O 3 , and activator NH 4 F in a heating furnace to form Zr-doped, Pt-modified aluminide coating (abbreviated as PtZrAl coating in this paper). For comparison, the Pt-modified aluminide coating (abbreviated as PtAl coating) was also prepared using the power mixture without zirconium tetrachloride in the furnace. The furnace chamber was pumped to at least 10 Pa. Then it was heated to 1080 • C, held for 4 h, and cooled down to room temperature for each preparation process. During the deposition process, a continuous argon flow of about six times furnace volume per hour was provided to avoid the oxidation of the superalloy and the chamber pressure kept at 1 atmosphere.
Isothermal oxidation tests of the PtAl and PtZrAl coatings were conducted in static air at 1100 • C for 320 h. Specimens were placed in alumina crucibles. The crucibles were dried at 1200 • C for 24 h to eliminate the interior volatile impurities as well as gas, and reached constant weights beforehand. To measure the mass gain of the coatings and obtain the mass gain vs. oxidation time curves, the crucibles were taken out of the furnace and cooled down to room temperature at various intervals. Mass gains of the specimens together with crucibles were measured to count in the mass of the spalled oxide. The sensitivity of the electronic balance was 10 −4 g. For each test, three parallel samples were applied to acquire the average value of the mass gain, and at least five measurements were taken for each sample.
A D/MAX-RA X-ray diffractometer (XRD, X' Pert PRD, PANalytical, Almelo, The Netherlands) was used for the major phase identification of the coatings before and after oxidation tests. Microstructure and elemental compositions of oxidation products were characterized by a scanning electronic microscope (SEM, Inspect F, Thermo Fisher Scientific, Waltham, MA, USA) equipped with an energy disperse spectroscope (EDS). A layer of Ni-P was electro-plated on the surface of the coatings after oxidation to keep the oxidation scale from being destroyed during the cross-sectional sample preparation process. The electroless plating bath was composed of 20 g/L nickel sulphate, 10 g/L sodium citrate, 30 g/L ammonium chloride, and 30 g/L sodium hypophosphite. Image J software (2.x) was used to calculate the area fraction of γ-Ni/γ'-Ni 3 Al phase transited from β-NiAl phase in the outer layer. The detailed procedure was described elaborately in another paper [18] . The thickness of the coatings and alumina scales formed after oxidation was also measured by Image J software (2.x). Figure 1 presents the cross-sectional morphologies of the electroplated Pt coating before and after heat treatment at 1080 • C. The average thickness of the electroplated Pt coating is about 3.2 µm. After heat treatment, the thickness of the coating increases to about 8.6 µm due to the mutual diffusion between the Pt coating and substrate. Driven by the chemical composition gradient, the Pt atoms would migrate into the substrate and elements like Ni, Co, Al, etc. in the substrate would diffuse outward into the Pt coating at the high temperature. There are some discontinuous small black particles in the diffusion coating, which is the alumina left on the original substrate surface due to the sandblasting process. the spalled oxide. The sensitivity of the electronic balance was 10 −4 g. For each test, three parallel samples were applied to acquire the average value of the mass gain, and at least five measurements were taken for each sample. A D/MAX-RA X-ray diffractometer (XRD, X' Pert PRD, PANalytical, Almelo, The Netherlands) was used for the major phase identification of the coatings before and after oxidation tests. Microstructure and elemental compositions of oxidation products were characterized by a scanning electronic microscope (SEM, Inspect F, Thermo Fisher Scientific, Waltham, MA, USA) equipped with an energy disperse spectroscope (EDS). A layer of Ni-P was electro-plated on the surface of the coatings after oxidation to keep the oxidation scale from being destroyed during the cross-sectional sample preparation process. The electroless plating bath was composed of 20 g/L nickel sulphate, 10 g/L sodium citrate, 30 g/L ammonium chloride, and 30 g/L sodium hypophosphite. Image J software (2.x) was used to calculate the area fraction of γ-Ni/γʹ-Ni3Al phase transited from β-NiAl phase in the outer layer. The detailed procedure was described elaborately in another paper [18] . The thickness of the coatings and alumina scales formed after oxidation was also measured by Image J software (2.x). Figure 1 presents the cross-sectional morphologies of the electroplated Pt coating before and after heat treatment at 1080 °C. The average thickness of the electroplated Pt coating is about 3.2 μm. After heat treatment, the thickness of the coating increases to about 8.6 μm due to the mutual diffusion between the Pt coating and substrate. Driven by the chemical composition gradient, the Pt atoms would migrate into the substrate and elements like Ni, Co, Al, etc. in the substrate would diffuse outward into the Pt coating at the high temperature. There are some discontinuous small black particles in the diffusion coating, which is the alumina left on the original substrate surface due to the sandblasting process. To figure out the primary phase of the Pt coating after heat treatment, the X-ray diffractometer method was applied to obtain the XRD pattern of the coating, as shown in Figure 2 . The main phases post Pt coating are γ-(Ni,Pt) and γʹ-(Ni,Pt)3Al. It is reported that the Pt atom possesses high solubility in both of the γ-Ni and γʹ-Ni3Al phases [19] [20] [21] . The diffraction peaks of the γ-(Ni,Pt) and γʹ-(Ni,Pt)3Al phases shift to lower angles, compared with the diffraction peaks of the γ-Ni (PDF#04-0850) and γʹ-Ni3Al (PDF#09-0097) phases, since the atomic radius of the Pt atom (0.183 nm) is larger than that of the Ni atom (0.162 nm) [22] . To figure out the primary phase of the Pt coating after heat treatment, the X-ray diffractometer method was applied to obtain the XRD pattern of the coating, as shown in Figure 2 . The main phases post Pt coating are γ-(Ni,Pt) and γ'-(Ni,Pt) 3 Al. It is reported that the Pt atom possesses high solubility in both of the γ-Ni and γ'-Ni 3 Al phases [19] [20] [21] . The diffraction peaks of the γ-(Ni,Pt) and γ'-(Ni,Pt) 3 Al phases shift to lower angles, compared with the diffraction peaks of the γ-Ni (PDF#04-0850) and γ'-Ni 3 Al (PDF#09-0097) phases, since the atomic radius of the Pt atom (0.183 nm) is larger than that of the Ni atom (0.162 nm) [22] . 
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The Microstructure of the Zr-Doped, Pt-Modified Aluminide Coating
The XRD patterns of the PtAl and PtZrAl coatings are presented in Figure 3 . For the PtAl coating, β-(Ni,Pt)Al phase is the primary phase. The diffraction peaks of the β-(Ni,Pt)Al phase shift to lower angles, compared with those of the β-NiAl phase (PDF#44-1188). This is because the Pt atoms substitute for the Ni sites in the NiAl lattice and the Pt atom possesses larger atomic radius than the Ni atom, which would induce strains as well as stresses resulting in the enlargement of the lattice parameters [23] . In addition, there is a weak diffraction peak at the angle of about 26.05 degrees corresponding to the ξ-PtAl2 phase (PDF#03-1006). Note that the diffraction peak of the PtAl2 phase shifts a little to the higher angle, which is due to the incorporation of the Ni atom in the PtAl2 unit cell. The content of the PtAl2 phase in the Pt-modified aluminide coating is greatly dependent upon the composition of the pack cementation mixture, initial electroplated Pt thickness, and appropriate heat treatment [19, 24, 25] . Usually a Pt-modified aluminide coating would possess three types of microstructure under different deposition parameters; firstly, the coating of a single β-(Ni,Pt)Al phase, secondly, the coating with binary phases of PtAl2 and β-(Ni,Pt)Al, and thirdly, the coating with a continuous PtAl2 layer formed above the β-(Ni,Pt)Al phase. The Pt-modified aluminide coating prepared in this paper is the second type, and the content of the PtAl2 phase in the PtAl coating is very low. This is because the electroplated Pt layer was annealed before aluminization, leading to a lower Pt content on the surface, and this is beneficial for diminishing or eliminating the PtAl2 phase in the coating. The XRD patterns of the PtAl and PtZrAl coatings are presented in Figure 3 . For the PtAl coating, β-(Ni,Pt)Al phase is the primary phase. The diffraction peaks of the β-(Ni,Pt)Al phase shift to lower angles, compared with those of the β-NiAl phase (PDF#44-1188). This is because the Pt atoms substitute for the Ni sites in the NiAl lattice and the Pt atom possesses larger atomic radius than the Ni atom, which would induce strains as well as stresses resulting in the enlargement of the lattice parameters [23] . In addition, there is a weak diffraction peak at the angle of about 26.05 • corresponding to the ξ-PtAl 2 phase (PDF#03-1006). Note that the diffraction peak of the PtAl 2 phase shifts a little to the higher angle, which is due to the incorporation of the Ni atom in the PtAl 2 unit cell. The content of the PtAl 2 phase in the Pt-modified aluminide coating is greatly dependent upon the composition of the pack cementation mixture, initial electroplated Pt thickness, and appropriate heat treatment [19, 24, 25] . Usually a Pt-modified aluminide coating would possess three types of microstructure under different deposition parameters; firstly, the coating of a single β-(Ni,Pt)Al phase, secondly, the coating with binary phases of PtAl 2 and β-(Ni,Pt)Al, and thirdly, the coating with a continuous PtAl 2 layer formed above the β-(Ni,Pt)Al phase. The Pt-modified aluminide coating prepared in this paper is the second type, and the content of the PtAl 2 phase in the PtAl coating is very low. This is because the electroplated Pt layer was annealed before aluminization, leading to a lower Pt content on the surface, and this is beneficial for diminishing or eliminating the PtAl 2 phase in the coating. 
The XRD patterns of the PtAl and PtZrAl coatings are presented in Figure 3 . For the PtAl coating, β-(Ni,Pt)Al phase is the primary phase. The diffraction peaks of the β-(Ni,Pt)Al phase shift to lower angles, compared with those of the β-NiAl phase (PDF#44-1188). This is because the Pt atoms substitute for the Ni sites in the NiAl lattice and the Pt atom possesses larger atomic radius than the Ni atom, which would induce strains as well as stresses resulting in the enlargement of the lattice parameters [23] . In addition, there is a weak diffraction peak at the angle of about 26.05 degrees corresponding to the ξ-PtAl2 phase (PDF#03-1006). Note that the diffraction peak of the PtAl2 phase shifts a little to the higher angle, which is due to the incorporation of the Ni atom in the PtAl2 unit cell. The content of the PtAl2 phase in the Pt-modified aluminide coating is greatly dependent upon the composition of the pack cementation mixture, initial electroplated Pt thickness, and appropriate heat treatment [19, 24, 25] . Usually a Pt-modified aluminide coating would possess three types of microstructure under different deposition parameters; firstly, the coating of a single β-(Ni,Pt)Al phase, secondly, the coating with binary phases of PtAl2 and β-(Ni,Pt)Al, and thirdly, the coating with a continuous PtAl2 layer formed above the β-(Ni,Pt)Al phase. The Pt-modified aluminide coating prepared in this paper is the second type, and the content of the PtAl2 phase in the PtAl coating is very low. This is because the electroplated Pt layer was annealed before aluminization, leading to a lower Pt content on the surface, and this is beneficial for diminishing or eliminating the PtAl2 phase in the coating. When Zr is added to the PtAl coating, the main phase of the coating is still the β-(Ni,Pt)Al phase, and the relative diffraction peaks of the PtAl 2 phase become higher. In addition, two minor diffraction peaks at the angles of about 57.4 • and 69.6 • correspond to the PtZr phase (PDF#19-0920). It is worthy of note that the diffraction peaks of the β-(Ni,Pt)Al phase shift toward to larger angles, compared with those of the PtAl coating, which might be because more precipitates of Pt forms in the PtZrAl coating and less Pt atoms are dissolved in the β-NiAl phase. Figure 4 shows the surface morphologies of the PtAl and PtZrAl coatings. For the PtAl coating, the surface is alternated with smooth and irregular rugged microstructures. EDS results show that the predominating elements in both of these two areas are Ni and Al, indicating that the two areas are both composed of β-(Ni,Pt)Al phase, and the black dots in the irregular uneven region are voids formed during the aluminizing process. When the Zr element is added to the PtAl coating, the surface is denser, since Zr tends to segregate around the grain boundaries and hinder the growth of β-NiAl grains. This leads to the formation of smaller particles [13] , which is beneficial to diminish the formation of voids on the surface. Note that the PtZrAl coating seems to be etched on the surface, which might be because the zirconium tetrachloride used to deposit Zr was very corrosive. There is some bright precipitated phase around the particle boundaries. The line scanning image of the precipitated phase in larger magnification is presented in Figure 5 , and it can be seen that the precipitated phase contains a much higher Zr content than its surrounding areas, which indicates that the bright phase might be a Zr-rich phase.
When Zr is added to the PtAl coating, the main phase of the coating is still the β-(Ni,Pt)Al phase, and the relative diffraction peaks of the PtAl2 phase become higher. In addition, two minor diffraction peaks at the angles of about 57.4° and 69.6° correspond to the PtZr phase (PDF#19-0920). It is worthy of note that the diffraction peaks of the β-(Ni,Pt)Al phase shift toward to larger angles, compared with those of the PtAl coating, which might be because more precipitates of Pt forms in the PtZrAl coating and less Pt atoms are dissolved in the β-NiAl phase. Figure 4 shows the surface morphologies of the PtAl and PtZrAl coatings. For the PtAl coating, the surface is alternated with smooth and irregular rugged microstructures. EDS results show that the predominating elements in both of these two areas are Ni and Al, indicating that the two areas are both composed of β-(Ni,Pt)Al phase, and the black dots in the irregular uneven region are voids formed during the aluminizing process. When the Zr element is added to the PtAl coating, the surface is denser, since Zr tends to segregate around the grain boundaries and hinder the growth of β-NiAl grains. This leads to the formation of smaller particles [13] , which is beneficial to diminish the formation of voids on the surface. Note that the PtZrAl coating seems to be etched on the surface, which might be because the zirconium tetrachloride used to deposit Zr was very corrosive. There is some bright precipitated phase around the particle boundaries. The line scanning image of the precipitated phase in larger magnification is presented in Figure 5 , and it can be seen that the precipitated phase contains a much higher Zr content than its surrounding areas, which indicates that the bright phase might be a Zr-rich phase. The cross-sectional morphologies of the PtAl and PtZrAl coatings are presented in Figure 6 . As can be seen in Figure 6 , both of the two coatings bear a two-layer structure. The outer layer of the PtAl coating is mainly the β-(Ni,Pt)Al phase, and the PtAl2 phase is nearly invisible since the diffraction peaks of the PtAl2 phase is very low, as shown in Figure 3 . In the inner layer, there are some bright white precipitated phases rich in Cr, W, Ta, etc., which form due to the mutual diffusion When Zr is added to the PtAl coating, the main phase of the coating is still the β-(Ni,Pt)Al phase, and the relative diffraction peaks of the PtAl2 phase become higher. In addition, two minor diffraction peaks at the angles of about 57.4° and 69.6° correspond to the PtZr phase (PDF#19-0920). It is worthy of note that the diffraction peaks of the β-(Ni,Pt)Al phase shift toward to larger angles, compared with those of the PtAl coating, which might be because more precipitates of Pt forms in the PtZrAl coating and less Pt atoms are dissolved in the β-NiAl phase. Figure 4 shows the surface morphologies of the PtAl and PtZrAl coatings. For the PtAl coating, the surface is alternated with smooth and irregular rugged microstructures. EDS results show that the predominating elements in both of these two areas are Ni and Al, indicating that the two areas are both composed of β-(Ni,Pt)Al phase, and the black dots in the irregular uneven region are voids formed during the aluminizing process. When the Zr element is added to the PtAl coating, the surface is denser, since Zr tends to segregate around the grain boundaries and hinder the growth of β-NiAl grains. This leads to the formation of smaller particles [13] , which is beneficial to diminish the formation of voids on the surface. Note that the PtZrAl coating seems to be etched on the surface, which might be because the zirconium tetrachloride used to deposit Zr was very corrosive. There is some bright precipitated phase around the particle boundaries. The line scanning image of the precipitated phase in larger magnification is presented in Figure 5 , and it can be seen that the precipitated phase contains a much higher Zr content than its surrounding areas, which indicates that the bright phase might be a Zr-rich phase. The cross-sectional morphologies of the PtAl and PtZrAl coatings are presented in Figure 6 . As can be seen in Figure 6 , both of the two coatings bear a two-layer structure. The outer layer of the PtAl coating is mainly the β-(Ni,Pt)Al phase, and the PtAl2 phase is nearly invisible since the diffraction peaks of the PtAl2 phase is very low, as shown in Figure 3 . In the inner layer, there are some bright white precipitated phases rich in Cr, W, Ta, etc., which form due to the mutual diffusion The cross-sectional morphologies of the PtAl and PtZrAl coatings are presented in Figure 6 . As can be seen in Figure 6 , both of the two coatings bear a two-layer structure. The outer layer of the PtAl coating is mainly the β-(Ni,Pt)Al phase, and the PtAl 2 phase is nearly invisible since the diffraction peaks of the PtAl 2 phase is very low, as shown in Figure 3 . In the inner layer, there are
some bright white precipitated phases rich in Cr, W, Ta, etc., which form due to the mutual diffusion between the substrate and coating. At the temperature of 1080 • C, the Ni atoms possess high activity and the coating forms primarily through the singular outward diffusion of Ni atoms. The depletion of Ni atoms in the substrate near the original surface would lead to the transition of the γ-Ni phase into the β-NiAl phase. Since the solubility of Cr, W, Ta, etc. in the γ phase is higher than that in the β phase, the phases rich in refractory elements precipitate from the β phase. The average chemical compositions of the PtAl coating in the outer layer are 49.0Al-1.6Cr-4.0Co-41.2Ni-4.3Pt (at.%). According to the cross-sectional morphologies, the thicknesses of the PtAl coating is about 53 ± 1 µm. between the substrate and coating. At the temperature of 1080 °C, the Ni atoms possess high activity and the coating forms primarily through the singular outward diffusion of Ni atoms. The depletion of Ni atoms in the substrate near the original surface would lead to the transition of the γ-Ni phase into the β-NiAl phase. Since the solubility of Cr, W, Ta, etc. in the γ phase is higher than that in the β phase, the phases rich in refractory elements precipitate from the β phase. The average chemical compositions of the PtAl coating in the outer layer are 49.0Al-1.6Cr-4.0Co-41.2Ni-4.3Pt (at.%). According to the cross-sectional morphologies, the thicknesses of the PtAl coating is about 53 ± 1 μm. As for the PtZrAl coating, the cross-sectional morphology is nearly similar to the PtAl coating, but some bright phases could be distinctly observed in the outer layer. The average compositions of the PtZrAl coatings in the outer layer are 48.3Al-1.6Cr-3.8Co-41.9Ni-3.9Pt-0.5Zr (at.%), detected by EDS, and the compositions of the bright phases are 42.6Al-3.7Cr-4.8Co-42.0Ni-4.1Pt-2.8Zr (at.%), revealing that the bright phases contain higher Zr contents than the surrounding β phase. The solubility of the Zr element in the NiAl phase is still unknown, but the diameter of the zirconium atom is much larger than the interplanar spacings of the β-NiAl phase, so it is hard to dissolve much Zr in the NiAl phase. It is estimated that 0.2-0.4 at.% Zr could be dissolved in the aluminide coating [6] . Some research showed that Zr tended to segregate around the NiAl grain boundary as Zr particles or combine with other elements in the form of compounds like Ni7Zr2, NiAl-Zr, or Al5Ni2Zr, etc. [12, 16, 26, 27] . Combined with the XRD diffraction pattern shown in Figure 3 and the line scanning image ( Figure 5 ), it can be inferred that the Zr element might be partly saturated in the β-NiAl phase and partly co-segregated with Pt around the grain boundary of the β-NiAl phase. However, to figure out why Zr co-segregated with Pt and the accurate sites of the Zr-rich phases, other techniques such as TEM are needed, which we will perform in future study. The whole thickness of the PtZrAl coating is about 55 ± 1 μm, which is slightly thicker than the PtAl coating. Figure 7 presents the mass gain versus time of the PtAl and PtZrAl coatings after isothermal oxidation at 1100 °C for 320 h. The mass change curves of these two coatings conform to the same law. During the initial 50 h, the mass gains increase greatly since the coatings are oxidized quickly when they are exposed to the high temperature. Then the mass gains continue steadily, for protective and dense oxide layers could be formed on the surface after the initial oxidation, which can protect the coatings from further oxidation. The mass gain of the PtZrAl coating is a little higher than that of the PtAl coating in the first 10 h. After that, the PtZrAl coating possesses lower mass gain than the PtAl coating. The maximum mass gain of the PtAl and PtZrAl coatings is about 1.30 and 1.17 mg/cm 2 , respectively. It can be inferred that the addition of Zr would decrease the oxidation rate of the Pt-modified aluminide coating and increase the oxidation resistance. As for the PtZrAl coating, the cross-sectional morphology is nearly similar to the PtAl coating, but some bright phases could be distinctly observed in the outer layer. The average compositions of the PtZrAl coatings in the outer layer are 48.3Al-1.6Cr-3.8Co-41.9Ni-3.9Pt-0.5Zr (at.%), detected by EDS, and the compositions of the bright phases are 42.6Al-3.7Cr-4.8Co-42.0Ni-4.1Pt-2.8Zr (at.%), revealing that the bright phases contain higher Zr contents than the surrounding β phase. The solubility of the Zr element in the NiAl phase is still unknown, but the diameter of the zirconium atom is much larger than the interplanar spacings of the β-NiAl phase, so it is hard to dissolve much Zr in the NiAl phase. It is estimated that 0.2-0.4 at.% Zr could be dissolved in the aluminide coating [6] . Some research showed that Zr tended to segregate around the NiAl grain boundary as Zr particles or combine with other elements in the form of compounds like Ni 7 Zr 2 , NiAl-Zr, or Al 5 Ni 2 Zr, etc. [12, 16, 26, 27] . Combined with the XRD diffraction pattern shown in Figure 3 and the line scanning image ( Figure 5 ), it can be inferred that the Zr element might be partly saturated in the β-NiAl phase and partly co-segregated with Pt around the grain boundary of the β-NiAl phase. However, to figure out why Zr co-segregated with Pt and the accurate sites of the Zr-rich phases, other techniques such as TEM are needed, which we will perform in future study. The whole thickness of the PtZrAl coating is about 55 ± 1 µm, which is slightly thicker than the PtAl coating. Figure 7 presents the mass gain versus time of the PtAl and PtZrAl coatings after isothermal oxidation at 1100 • C for 320 h. The mass change curves of these two coatings conform to the same law. During the initial 50 h, the mass gains increase greatly since the coatings are oxidized quickly when they are exposed to the high temperature. Then the mass gains continue steadily, for protective and dense oxide layers could be formed on the surface after the initial oxidation, which can protect the coatings from further oxidation. The mass gain of the PtZrAl coating is a little higher than that of the PtAl coating in the first 10 h. After that, the PtZrAl coating possesses lower mass gain than the PtAl coating. The maximum mass gain of the PtAl and PtZrAl coatings is about 1.30 and 1.17 mg/cm 2 , respectively. It can be inferred that the addition of Zr would decrease the oxidation rate of the Pt-modified aluminide coating and increase the oxidation resistance. 
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The XRD patterns of the PtAl and PtZrAl coatings after isothermal oxidation at 1100 °C for 2 h and 320 h are presented in Figure 8 . It can be seen that the main phase of the PtAl and PtZrAl coatings is still β-NiAl, and the diffraction peaks of α-Al2O3 emerge in the two coatings after oxidation for 2 h. The PtAl2 phase is not detected, which might be because the PtAl2 phase transforms into β-PtAl, and then changes to β-NiAl during the oxidation process [16] . As the oxidation time proceeds to 320 h, the diffraction peaks of the α-Al2O3 become much stronger and the main phase of the two coatings transits to the γʹ-Ni3Al phase, although the β-NiAl phase could still be detected. Figure 9 shows the cross-sectional morphologies of the PtAl and PtZrAl coatings after oxidation for 2 h. It can be seen that a very thin alumina layer was formed on the surface of the PtAl and PtZrAl coatings. According to Wagner's theory, if the less noble metal can diffuse with a sufficient rate towards the coating/oxide interface, then the exclusive oxidation of this element can be attained. Since the Gibbs free energy of Al2O3 is much smaller than that of oxides like NiO, Cr2O3, etc., and the Al content in the coatings is up to 50 at.%, which is much higher than the minimum Al content needed to sustain its exclusive oxidation, then a dense and continuous Al2O3 layer is formed on the surface [28] . Since the oxidation time is limited, the thickness of the Al2O3 layer is very small, and this is the reason why the diffraction peaks of the alumina are very weak after oxidation for 2 h, as presented in Figure 8 . 
The XRD patterns of the PtAl and PtZrAl coatings after isothermal oxidation at 1100 • C for 2 h and 320 h are presented in Figure 8 . It can be seen that the main phase of the PtAl and PtZrAl coatings is still β-NiAl, and the diffraction peaks of α-Al 2 O 3 emerge in the two coatings after oxidation for 2 h. The PtAl 2 phase is not detected, which might be because the PtAl 2 phase transforms into β-PtAl, and then changes to β-NiAl during the oxidation process [16] . As the oxidation time proceeds to 320 h, the diffraction peaks of the α-Al 2 O 3 become much stronger and the main phase of the two coatings transits to the γ'-Ni 3 Al phase, although the β-NiAl phase could still be detected. 
The XRD patterns of the PtAl and PtZrAl coatings after isothermal oxidation at 1100 °C for 2 h and 320 h are presented in Figure 8 . It can be seen that the main phase of the PtAl and PtZrAl coatings is still β-NiAl, and the diffraction peaks of α-Al2O3 emerge in the two coatings after oxidation for 2 h. The PtAl2 phase is not detected, which might be because the PtAl2 phase transforms into β-PtAl, and then changes to β-NiAl during the oxidation process [16] . As the oxidation time proceeds to 320 h, the diffraction peaks of the α-Al2O3 become much stronger and the main phase of the two coatings transits to the γʹ-Ni3Al phase, although the β-NiAl phase could still be detected. Figure 9 shows the cross-sectional morphologies of the PtAl and PtZrAl coatings after oxidation for 2 h. It can be seen that a very thin alumina layer was formed on the surface of the PtAl and PtZrAl coatings. According to Wagner's theory, if the less noble metal can diffuse with a sufficient rate towards the coating/oxide interface, then the exclusive oxidation of this element can be attained. Since the Gibbs free energy of Al2O3 is much smaller than that of oxides like NiO, Cr2O3, etc., and the Al content in the coatings is up to 50 at.%, which is much higher than the minimum Al content needed to sustain its exclusive oxidation, then a dense and continuous Al2O3 layer is formed on the surface [28] . Since the oxidation time is limited, the thickness of the Al2O3 layer is very small, and this is the reason why the diffraction peaks of the alumina are very weak after oxidation for 2 h, as presented in Figure 8 . Figure 9 shows the cross-sectional morphologies of the PtAl and PtZrAl coatings after oxidation for 2 h. It can be seen that a very thin alumina layer was formed on the surface of the PtAl and PtZrAl coatings. According to Wagner's theory, if the less noble metal can diffuse with a sufficient rate towards the coating/oxide interface, then the exclusive oxidation of this element can be attained. Since the Gibbs free energy of Al 2 O 3 is much smaller than that of oxides like NiO, Cr 2 O 3 , etc., and the Al content in the coatings is up to 50 at.%, which is much higher than the minimum Al content needed to sustain its exclusive oxidation, then a dense and continuous Al 2 O 3 layer is formed on the surface [28] .
Since the oxidation time is limited, the thickness of the Al 2 O 3 layer is very small, and this is the reason why the diffraction peaks of the alumina are very weak after oxidation for 2 h, as presented in Figure 8 . Figure 10 presents the surface morphologies of the PtAl and PtZrAl coatings after oxidation at 1100 °C for 320 h. As can be seen in Figure 10a , the surface of the PtAl coating is mainly composed of alumina with some white phase dispersed in it. The chemical compositions of the alumina (area A in Figure 10a ) and the white phase (area B in Figure 10a ) on the surface are shown in Table 1 . The white phase contains high Ni content (48.7 at.%) and small amounts of other alloying elements such as Co, Cr, W, and Pt, indicating that the elements in the coating diffuse outward. The presence of the white phase also might be due to the spallation of the alumina layer, which results in the exposure of the coating underneath. Severe spallation occurs on the surface of the PtAl coating, as shown in Figure 10a . For the PtZrAl coating, there are also some white phases that emerged on the surface, but their quantity and size are less and smaller than those in the PtAl coating. Like the white phases on the surface of the PtAl coating, these white phases also contain a high Ni content as well as other alloying elements. Compared with the PtAl coating, the alumina layer on the PtZrAl coating is dense and continuous in the image with low magnification, and no visible spallation nor crack occurs on the surface. Only in the larger magnification image can some cracks be observed. This reveals that the addition of Zr improves the spalling resistance of the alumina scale. Figure 10 presents the surface morphologies of the PtAl and PtZrAl coatings after oxidation at 1100 • C for 320 h. As can be seen in Figure 10a , the surface of the PtAl coating is mainly composed of alumina with some white phase dispersed in it. The chemical compositions of the alumina (area A in Figure 10a ) and the white phase (area B in Figure 10a ) on the surface are shown in Table 1 . The white phase contains high Ni content (48.7 at.%) and small amounts of other alloying elements such as Co, Cr, W, and Pt, indicating that the elements in the coating diffuse outward. The presence of the white phase also might be due to the spallation of the alumina layer, which results in the exposure of the coating underneath. Severe spallation occurs on the surface of the PtAl coating, as shown in Figure 10a . For the PtZrAl coating, there are also some white phases that emerged on the surface, but their quantity and size are less and smaller than those in the PtAl coating. Like the white phases on the surface of the PtAl coating, these white phases also contain a high Ni content as well as other alloying elements. Compared with the PtAl coating, the alumina layer on the PtZrAl coating is dense and continuous in the image with low magnification, and no visible spallation nor crack occurs on the surface. Only in the larger magnification image can some cracks be observed. This reveals that the addition of Zr improves the spalling resistance of the alumina scale. Figure 10 presents the surface morphologies of the PtAl and PtZrAl coatings after oxidation at 1100 °C for 320 h. As can be seen in Figure 10a , the surface of the PtAl coating is mainly composed of alumina with some white phase dispersed in it. The chemical compositions of the alumina (area A in Figure 10a ) and the white phase (area B in Figure 10a ) on the surface are shown in Table 1 . The white phase contains high Ni content (48.7 at.%) and small amounts of other alloying elements such as Co, Cr, W, and Pt, indicating that the elements in the coating diffuse outward. The presence of the white phase also might be due to the spallation of the alumina layer, which results in the exposure of the coating underneath. Severe spallation occurs on the surface of the PtAl coating, as shown in Figure 10a . For the PtZrAl coating, there are also some white phases that emerged on the surface, but their quantity and size are less and smaller than those in the PtAl coating. Like the white phases on the surface of the PtAl coating, these white phases also contain a high Ni content as well as other alloying elements. Compared with the PtAl coating, the alumina layer on the PtZrAl coating is dense and continuous in the image with low magnification, and no visible spallation nor crack occurs on the surface. Only in the larger magnification image can some cracks be observed. This reveals that the addition of Zr improves the spalling resistance of the alumina scale. The cross-sectional morphologies of the PtAl and PtZrAl coatings after oxidation at 1100 • C for 320 h are shown in Figure 11 . In Figure 11 , a layer of alumina is formed on the surface of both coatings. Compared with the oxidation scale shown in Figure 9 , the thickness of the oxidation layer becomes thicker, revealing that the alumina layer grows slowly with the oxidation. When a dense oxide layer is formed on the surface, the diffusion rates of oxygen and nitrogen are decreased dramatically, but there is still a small quantity of oxygen that could migrate into the coating and react with the Al element. This process leads to the constant consumption of the beneficial element Al and phase transition from β to γ'. The thickness of the alumina layer on the surface of the PtAl and PtZrAl coatings is about 5 ± 1 µm and 4 ± 1 µm, respectively. The light grey area beneath the alumina scale is γ'-Ni 3 Al, while the dark grey phase is β-NiAl. The area fractions of the γ'-Ni 3 Al phase in the outer layer of the two coatings are about 10.1% and 6.9%, respectively, indicating that more beneficial β-NiAl phase is consumed in the PtAl coating than that in the PtZrAl coating. Besides the outward diffusion to sustain the exclusive growth of the Al 2 O 3 layer, the Al element also diffuses into the substrate under the chemical composition gradient, which makes the β phase transform into γ' phase in the inner layer. When the Al element is completely consumed, the coating will fail to protect the substrate from oxidation. Note that the particle size of the bright precipitated phases rich in refractory elements in the inner layer becomes larger while the number decreases, compared with the microstructure (Figure 6 ) before oxidation. This is because, on one hand, the precipitated phases will grow up by absorbing other refractory elements nearby, and on the other hand, they will dissolve gradually when the surrounding β phase has transformed into γ' phase due to the higher solubility of refractory elements in the γ' phase. In summary, although certain amounts of Al are consumed, there is still a large amount of β phase left in both the PtAl and PtZrAl coatings, indicating that these two coatings possess good oxidation resistance and could still keep the substrate from further oxidation, even after oxidation for 320 h. However, the alumina layer formed on the PtZrAl coating is thinner than that formed on the PtAl coating and less β phase is consumed in the PtZrAl coating, demonstrating that the PtZrAl coating is oxidized more mildly than the PtAl coating and possesses better oxidation resistance. The cross-sectional morphologies of the PtAl and PtZrAl coatings after oxidation at 1100 °C for 320 h are shown in Figure 11 . In Figure 11 , a layer of alumina is formed on the surface of both coatings. Compared with the oxidation scale shown in Figure 9 , the thickness of the oxidation layer becomes thicker, revealing that the alumina layer grows slowly with the oxidation. When a dense oxide layer is formed on the surface, the diffusion rates of oxygen and nitrogen are decreased dramatically, but there is still a small quantity of oxygen that could migrate into the coating and react with the Al element. This process leads to the constant consumption of the beneficial element Al and phase transition from β to γʹ. The thickness of the alumina layer on the surface of the PtAl and PtZrAl coatings is about 5 ± 1 μm and 4 ± 1 μm, respectively. The light grey area beneath the alumina scale is γʹ-Ni3Al, while the dark grey phase is β-NiAl. The area fractions of the γʹ-Ni3Al phase in the outer layer of the two coatings are about 10.1% and 6.9%, respectively, indicating that more beneficial β-NiAl phase is consumed in the PtAl coating than that in the PtZrAl coating. Besides the outward diffusion to sustain the exclusive growth of the Al2O3 layer, the Al element also diffuses into the substrate under the chemical composition gradient, which makes the β phase transform into γʹ phase in the inner layer. When the Al element is completely consumed, the coating will fail to protect the substrate from oxidation. Note that the particle size of the bright precipitated phases rich in refractory elements in the inner layer becomes larger while the number decreases, compared with the microstructure (Figure 6 ) before oxidation. This is because, on one hand, the precipitated phases will grow up by absorbing other refractory elements nearby, and on the other hand, they will dissolve gradually when the surrounding β phase has transformed into γʹ phase due to the higher solubility of refractory elements in the γʹ phase. In summary, although certain amounts of Al are consumed, there is still a large amount of β phase left in both the PtAl and PtZrAl coatings, indicating that these two coatings possess good oxidation resistance and could still keep the substrate from further oxidation, even after oxidation for 320 h. However, the alumina layer formed on the PtZrAl coating is thinner than that formed on the PtAl coating and less β phase is consumed in the PtZrAl coating, demonstrating that the PtZrAl coating is oxidized more mildly than the PtAl coating and possesses better oxidation resistance. 
The Effect of Zr on the Oxidation Resistance of the Pt-Modified Aluminide Coating
When the coatings are exposed to the high temperature, the transient alumina such as γ, δ, and θ would be formed first, after which they transform into the stable α-Al 2 O 3 phase with the process of oxidation. It is reported that the transient alumina grows primarily by the outward diffusion of Al, while the stable α-Al 2 O 3 phase forms mainly by the inward diffusion of O [29] . Some researchers revealed that Zr tends to segregate at the metal-scale interface and scale grain boundary [10, 30] , and could act as ionic clusters to constrain the outward transport of Al ions by physical obstruction as well as chemical interaction on the cation diffusion pathways [13, 31] . This effect of suppressing the outward diffusion of Al ions is beneficial for reducing the formation of transient alumina and promoting the formation of stable alumina. Zhou et al. revealed that Zr could provide nucleation sites for the growth of α-Al 2 O 3 and accelerate the θ-Al 2 O 3 to α-Al 2 O 3 phase transformation [26] . The growth rate of the transient alumina is higher than that of α-Al 2 O 3 [11] ; thus, the quick formation of α-Al 2 O 3 is in favor of lowering the oxidation rate. In addition, the voids formed on the surface of the PtAl coating could provide a diffusion path to the inward diffusion of O and increase the oxidation rate. Consequently, the Zr-doped, Pt-modified aluminide coating possesses a lower oxidation rate than the Pt-modified aluminide coating.
The rumpling and spalling resistance is critical to the properties of a coating. The mechanism of rumpling is still unknown, but it is accepted that internal stress in the oxide scale is a main factor leading to rumpling [18] . Usually, internal stress primarily originates from two aspects: growth stress developed isothermally during oxide formation and thermal stress generated during thermal cycling due to the thermal expansion mismatch between the oxide and alloy [10] . Some researchers found that the β to γ' phase transformation in the outer layer would also induce large compressive stress because of the volume shrinkage up to 38% [32, 33] . Since only a bit of Zr is added into the Pt-modified aluminide coating, the thermal expansion coefficient variation of the coating and oxide induced by Zr might be omitted. Thus, the difference between the rumpling resistance of the Pt-modified aluminide coating with or without Zr might be primarily dependent upon to the growth stress and compressive stress caused by the β to γ' phase transformation. It is known that the Pilling-Bedworth Ratio (PBR) of Al is larger than 1, and the PBR of the transient alumina is bigger than that of stable α-Al 2 O 3 [34] , which means that less compressive stress would be generated in the alumina scale if more α-Al 2 O 3 phase was formed during the oxidation process. As mentioned above, the addition of Zr is beneficial for promoting the formation of the α-Al 2 O 3 phase, thus the compressive growth stress generated in the Zr-doped, Pt-modified aluminide coating might be smaller than that in the Pt-modified aluminide coating. Also, there is less β phase transformed into γ' phase in the Zr-doped, Pt-modified aluminide coating, which means that less compressive stress would be formed in the coating and scale. In addition, Zr is reported to aid in increasing the creep resistance and lowering the internal stress [6] . When the internal stress in the alumina layer is too high, it will lead to crack and even spallation of the alumina scale. Consequently, the crack and spallation on the surface of the Zr-doped, Pt-modified aluminide coating is milder than that on the Pt-modified aluminide coating. It is confusing that the oxide scales of PtZrAl appear more rumpled than the PtAl coating, which might be because the crack and spallation on the PtAl coating surface would release stress in the alumina scale and decrease the scale deformation.
Conclusions
A new type of Zr-doped, Pt-modified aluminide coating has been prepared by a hybrid method, by first electroplating a Pt layer and then depositing Zr and Al elements simultaneously. The main phases of the electroplated Pt layer after vacuum-annealing are γ-(Ni,Pt) and γ'-(Ni,Pt) 3 Al. After the co-deposition of Al and Zr, the primary phase of the coating becomes the β-(Ni,Pt)Al phase with small amounts of PtAl 2 -and Zr-rich phases dispersed in it. The average content of Zr in the coating is about 0.5 at.%, and it plays a role in decreasing the voids on the surface of the Pt-modified aluminide coating.
The isothermal oxidation experiment shows that the Zr-doped, Pt-modified aluminide coating possesses lower mass gain and a thinner alumina layer than the Pt-modified aluminide coating. In addition, the crack and spallation on the surface of the Zr-doped, Pt-modified aluminide coating is milder than that on the Pt-modified aluminide coating after oxidation at 1100 • C for 320 h. It can be concluded that the addition of Zr to the Pt-modified aluminide coating could improve the oxidation resistance, since Zr could promote the formation of the stable α-Al 2 O 3 phase and decrease the internal stress in the oxide scale.
